The S = 1/2 antiferromagnetic Heisenberg spin chain compound Sr2CuO3 doped with 1 % and 2 % of Ni impurities has been studied by means of 63 Cu nuclear magnetic resonance. A strong decrease of the spin-lattice relaxation rate T −1 1 at low temperatures points toward a spin gap, while a stretching exponent λ < 1 and a frequency dependence of T −1 1 indicate that this spin gap varies spatially and should rather be characterized as a spin pseudogap. The magnitude of the spin pseudogap scales with doping level. Our results therefore evidence the finite-size character of this phenomenon. Moreover, an unusual narrowing of the low temperature NMR lines reveals the suppression of the impurity-induced staggered paramagnetic response with increasing doping level.
The S = 1/2 antiferromagnetic Heisenberg spin chain compound Sr2CuO3 doped with 1 % and 2 % of Ni impurities has been studied by means of 63 Cu nuclear magnetic resonance. A strong decrease of the spin-lattice relaxation rate T −1 1 at low temperatures points toward a spin gap, while a stretching exponent λ < 1 and a frequency dependence of T
−1 1
indicate that this spin gap varies spatially and should rather be characterized as a spin pseudogap. The magnitude of the spin pseudogap scales with doping level. Our results therefore evidence the finite-size character of this phenomenon. Moreover, an unusual narrowing of the low temperature NMR lines reveals the suppression of the impurity-induced staggered paramagnetic response with increasing doping level. The one-dimensional (1D) S = 1/2 antiferromagnetic Heisenberg model can be called the harmonic oscillator of quantum magnetism. Its integrability makes it exactly solvable and therefore it is often used as an archetype for low-dimensional quantum magnets in theory. Despite its simplicity, it shows a very unusual behavior. The ground state of this model is an example of an highly entangled many-body quantum state, which is characterized by a lack of long-range order even at absolute zero. Its elementary excitations are exotic quasiparticle excitations with fractional quantum numbers, the S = 1/2 spinons, which can be excited with infinitely low energy, i. e. the excitation spectrum has no energy gap to the ground state [1] [2] [3] [4] . Regardless of its fundamentally important role, it is difficult to find realizations of this model in nature. Small perturbations induced by impurities or by interchain interactions are expected to lead to gaps in the excitation spectra or to three-dimensional (3D) long-range ordering [5] [6] [7] [8] [9] [10] . It is therefore important to perform clear-cut experiments which explicitly address these perturbations in a controlled manner. The investigation of the staggered paramagnetic response around intrachain impurities has been proposed to be a valuable tool for this purpose [11] .
The cuprate compound Sr 2 CuO 3 is known to be among the best realizations of the 1D S = 1/2 antiferromagnetic Heisenberg model. There, the chains are realized by corner sharing CuO 4 plaquettes with S = 1/2 on the copper site, which are mainly interacting along one crystallographic axis with a large exchange coupling of about J ∼ 2000 K [12] . Weak static magnetism occurs only below T N = 5.4 K [8, 13] , which is low compared to the much larger exchange coupling J. However, recent studies on doped variants of Sr 2 CuO 3 and the closely related double chain compound SrCuO 2 revealed the vulnerability of the originally gapless spinon excitation spectrum [14, 15] against the influence of impurities and disorder. 63 Cu nuclear magnetic resonance and transport studies showed that doping Ca on the Sr site outside the chains breaks the integrability of the model and opens a spin gap of similar size in both compounds, which has been attributed to structural distortions and a concomitant bond disorder [16] [17] [18] [19] . Inelastic neutron scattering disclosed a striking impact of minor concentrations of intrachain nickel impurities on the low-energy spin dynamics of the double chain compound SrCuO 2 [20] . The authors report the emergence of a spin pseudogap of the order of ∆ ≈ 90 K by replacing only 1 % of the S = 1/2 copper ions with S = 1 nickel impurities. Corresponding to their interpretation the nickel spin is fully screened. Therefore, the nickel ions effectively act as S=0 impurities and basically cut the chains into segments with varying finite length l, which show finite-size spin gaps with magnitudes proportional to 1/l [6] .
In this article, we show results on the dopingdependent effect of nickel impurities on the single chain compound Sr 2 CuO 3 based on nuclear magnetic resonance (NMR). Spin-lattice relaxation measurements reveal the opening of a spin pseudogap that scales linearly with the Ni content and therefore prove the finite-size nature of this phenomenon. However, the NMR spectra evidence a suppression of the impurity-induced staggered paramagnetic response with increasing impurity content, in stark contrast to what has been observed so far in gapped low dimensional spin systems [11, [21] [22] [23] [24] [25] .
The measurements were performed on high purity single crystals of Sr 2 Cu 1−x Ni x O 3 (x = 0.01 and 0.02, labeled Ni1 and Ni2 hereafter). The samples were prepared using the travelling solvent floating zone (TSFZ) method, since this compound undergoes a peritectic-type decomposition upon cooling from the melt [26] . The used starting powders of SrCO 3 , NiO and CuO were of 99.99 % pu-rity. The crystals were grown at a growth rate of 1 mm/h under flowing oxygen atmosphere (50 ml/min). A solvent pellet of composition 63 %CuO-37 %SrO was used to initiate the crystal growth experiment. The crystals cleave readily along (h, 0, 0). The high quality of the crystals has been checked by X-ray diffraction (phase determination) and energy-dispersive X-ray spectroscopy (chemical composition) measurements.
The 63 Cu NMR spectra have been measured with the standard Hahn spin echo method at a fixed frequency of 80 MHz by sweeping the external magnetic field H and integrating the echo. At room temperature, the NMR spectra of the (I = 3/2)
63 Cu nuclei consist of three narrow quadrupolar split lines with satellites which are only slightly affected by quadrupolar broadening [27] that results from the structural disorder mainly induced by the Ni-dopants.
The 63 Cu NMR spin-lattice relaxation rate T −1 1 has been measured by the inversion recovery method on one of the quadrupolar split satellite lines for both doping levels. All T 1 measurements were performed in magnetic fields close to 7 T [28] with H parallel to the crystallographic a axis. Accurate alignment of the samples has been achieved by utilizing the angle dependence of the second order quadrupolar shift of the 63 Cu main line. The recovery curves of the nuclear magnetization have been fit to the standard function for magnetic relaxation of I = 3/2 nuclei measured on a satellite transition [29, 30] :
M 0 is the equilibrium value of the nuclear magnetization, f is ideally 2 for a complete inversion and the stretching exponent λ ≤ 1 accounts for a distribution of spin-lattice relaxation rates around a characteristic value T −1 1 . For high temperatures, λ ≈ 1 shows that there is a unique spin-lattice relaxation rate T −1 1 . For lower temperatures, λ < 1 indicates a spatial distribution of nuclei with different spin-lattice relaxation rates. The ratio of T 1 of the two Cu isotopes indicates purely magnetic relaxation over the whole temperature range.
We will start our discussion with the resulting NMR spectra. Fig. 1 shows the 63 Cu main line for both doping levels and various temperatures. Upon lowering the temperature, the spectra show a pronounced broadening. They develop shoulder structures and a splitting of the central peak. Both, the central line and the satellites, are equally affected (see appendices), which indicates that the broadening is of magnetic origin. This means that the spectra can be seen as a histogram of the distribution of local magnetic fields. It is well known that such a magnetic broadening within antiferromagnetically correlated systems can be attributed to the presence of clouds of field-induced staggered polarization around impurities [11, [21] [22] [23] [24] [25] . The shape and extension of such a local alternating magnetization (LAM) depends very much on the nature of the underlying spin system and the nature of its coupling to the impurity spin.
A LAM has been observed previously in undoped Sr 2 CuO 3 , where it has been explained by open chain ends due to excess oxygen [31] [32] [33] . These chain ends break the translational invariance of the spin chain and lead to a local alternating susceptibility [χ alt (x)], which gives rise to a LAM in a magnetic field. It could be modeled based on the assumption of semi-infinite chains [34] , which predicts a LAM with a maximum at a certain distance l = 0.48J/T [31] from the impurity and an exponential decay for larger distances. Upon lowering the temperature, the maximum shifts further into the chain and increases with χ alt,max ∝ 1/ √ T . In the NMR spectra, this causes a broad background with sharp edges, which broadens with decreasing temperature corresponding to ∆H ∝ 1/ √ T independent of the amount of chain breaks [31, 34] . The intensity of the background should increase with decreasing temperature.
We can identify the shoulder features as this broad background. Owing to a larger impurity concentration than in the undoped compound, the features are already well developed at 100 K for Ni1. For Ni2, one can already observe shoulder features at 200 K. The dashed lines in Fig. 1 indicate the expected 1/ √ T behavior [35] . The line shape clearly follows this trend. However, at lower temperatures the shoulder structure is smeared out. The onset of the smearing depends on the doping level. It sets in at higher temperatures for Ni2 than for Ni1. Moreover, one can see that the resonance lines at low temperatures (below 100 K) are narrower for Ni2 than for Ni1. This smearing of the shoulder structures and also the narrowing of the low-temperature resonance lines with increasing doping level are surprising and cannot be explained by the simple approach to χ alt (x) mentioned above.
At low enough temperatures, the LAM is predicted to extend over the whole chain segment and the assumption of the semi-infinite chain is no longer valid [9, 11, 33, 34] . Due to the high impurity content, the finite size of the chain segments cannot be neglected in the investigated temperature range. However, it is not expected to result in a reduced width as compared to the 1/ √ T behavior or even a disappearance of the shoulder features. The deviations might be connected to the screening of the Ni spin. Since Ni is a magnetic impurity, an additional screening cloud is expected to contribute to the LAM [6, 36] . Moreover, susceptibility measurements on Sr 2 Cu 0.99 Ni 0.01 O 3 show that the nickel spin is in fact screened [37] . But such a screening cloud should rather enhance the width of the NMR line than suppress it. The suppression of the linewidth might also be connected to the results on the low-energy excitation spectrum, which will be discussed in the following. Fig. 2(a) shows the temperature dependence of T is temperature independent for both dopings, as it is theoretically expected for antiferromagnetic S = 1/2 Heisenberg chains [38, 39] and as it has been experimentally verified for the parent compound [15] . Below a certain crossover temperature, which is T * Ni1 ≈ 110 K for Ni1 and T * Ni2 ≈ 200 K for Ni2, T is accompanied by a decrease of the stretching exponent λ [see Fig. 2(b) ] and thus by a growing spatial distribution of spin-lattice relaxation rates, which levels off at lower temperatures.
Due to the hyperfine coupling A ⊥ between nuclei and electrons, T −1 1 measures the imaginary part of the dynamic spin susceptibility χ of the electronic spin system at the NMR frequency. For pure magnetic relaxation, it is given by
On a more intuitive level, the relaxation mechanism can be described as the scattering of thermally excited spinons by the copper nuclei [40] . Thus, the decrease in spin-lattice relaxation rates clearly indicates the depletion of low-lying states in the spin excitation spectrum, and therefore points toward a spin gap. However, the distribution of spin-lattice relaxation rates, as indicated by λ < 1, implies that this spin gap varies spatially and should rather be characterized as a spin pseudogap [41] .
Usually, the magnitude of a spin gap is estimated by fitting the temperature dependence of T
to an activated behavior [16, [42] [43] [44] [45] and using the activation energy as an estimate for the spin gap. However, in our case, the spin-lattice relaxation rates do not decrease exponentially [see the inset of Fig. 2(a) ]. This can be attributed to the spatial distribution of spin gaps, because the fast relaxation stemming from nuclei exposed to small gaps will dominate the recovery process at low temperatures. We use the crossover temperature T * as an estimate for the average gap energy. T * Ni2 is about twice as large as T * Ni1 . Therefore, we conclude that the spin pseudogap is proportional to the doping level. This is in agreement with the assumption that the individual chain segments show gaps ∆ ∝ 1/l and thus evidences the finite-size character of the spin pseudogap. The value of T * Ni1 ≈ 110 K is close to the reported spin pseudogap ∆ ≈ 90 K [20] of the double chain compound doped with 1 % of nickel, which suggests that the double chain structure is not crucial to the gapping mechanism, similar to what has been observed in the Ca-doped variants of SrCuO 2 and Sr 2 CuO 3 [16, 18] .
Having established the proportionality between the doping level and the average gap energy, we wanted to gain further knowledge about the spatial variation of spin gaps. Therefore, we investigated the frequency dependence of T −1 1 within the broad resonance lines. Fig. 3 shows spin-lattice relaxation rates T −1 1 and stretching exponents λ measured at different positions within the high field satellite of Ni1 [46] . The spectra themselves are also shown for guidance. In contrast to the spectra shown before, these spectra were obtained at a fixed field µ 0 H = 7.0493 T by sweeping the frequency and adding the Fourier transforms of the echo signals (frequency step and sum method [47] ). While T −1 1 is frequencyindependent for T ≥ 90 K, it shows a strong frequency dependence at lower temperatures. Spin-lattice relaxation rates at all positions decrease toward low temperatures, but the decrease of T is accompanied by a frequency dependence of the stretching exponent λ, which sets in already at T = 90 K. λ is minimal at the center and larger at the outer parts of the resonance lines. This indicates that Cu nuclei which contribute to the outer parts of the resonance lines probe a narrow distribution of small spin gaps, while Cu nuclei contributing to the center of the resonance lines probe a broad distribution of large and small spin gaps. As NMR is a spectroscopic method, we cannot distinguish if the gap differs only between chain segments of different length or if it also varies within individual chain segments. If the shape of the LAM in real space would be known, such a distinction could become possible. Besides, we cannot exclude that additional impurity-induced spin fluctuations the near chain ends lead to a variation of T Fig. 2(a) ]. However, we can state that the largest gaps are measured at the center of the resonance lines and therefore by nuclei not exposed to the LAM. This might be the key to understand the suppression of the LAM at low T and the frequency dependence of T −1
1 . It suggests that the LAM is suppressed by the gap. This is supported by the fact that the gap increases with increasing impurity concentration, while the spectral broadening is reduced. In view of this considerable suppression of local magnetism, it is not surprising that the ordering temperature is strongly reduced too. We did not find any signature of magnetic ordering down to 4.2 K for both dopings. This is in agreement with recent measurements of the susceptibility and the specific heat of Sr 2 Cu 0.99 Ni 0.01 O 3 , which do not show any transition down to 2 K [37] .
In summary, our 63 Cu NMR measurements on single crystals of the S = 1/2 spin chain Sr 2 Cu 1−x Ni x O 3 (x = 0.01, 0.02) show a strong impact of minor concentrations of nickel on the low-energy spin dynamics and the local susceptibility of the spin chains. We find a dopingdependent spin pseudogap behavior, which evidences the finite-size character of this phenomenon. The NMR spectra show a local alternating magnetization around the nickel impurities. Its suppression at low temperatures, the variation of T As demonstrated in the main article, the measured recovery curves of the nuclear magnetization at low temperatures are stretched due to a distribution of spin lattice relaxation rates T −1
1 . We took this distribution into account by fitting the phenomenological stretched exponential function to the measured recovery curves. However, this approach just gives a rough idea about the width of the distribution in terms of the stretching exponent λ. It is also possible to convolute the recovery function M z (t, T 1 ) with a chosen probability distribution function of T 1 . In accordance with the approach described by [20] , we modeled the distribution of T 1 as result of the distribution of gaps due to a given distribution of chain length. Following [20] , the probability to find a copper atom inside a non-interrupted segment of length L for a totally random distribution of defects with a concentration x is given by
A segment of length L has an energy gap ∆ L = ∆ 0 /L with ∆ 0 = 3.65J [6, 20] . Assuming an activated behavior, the temperature dependence of T 1 for copper nuclei within a chain segment of length L is given by
T 1,∞ labels the high temperature limit, which is independent of thegap magnitude. The recovery function for magnetic relaxation of I = 3/2 nuclei measured on a satellite transition with a unique spin-lattice relaxation time T 1 is [29] :
+ 0.1e
The recovery function based on the distribution of chain length can then be obtained as weighted sum over L of Eq. (5), where T 1 is given by Eq. (4):
For the fitting, we set ∆ 0 = 3.65 · 2000 K = 7300 K and T corresponding to the current temperature fixed. x, T 1,∞ , M 0 , and f were used as adjustable parameters. However, it was not possible to obtain satisfactorily fits. Fig. 4 shows a curve measured at 25 K and its fit as an example. One can see, that the fitting curve does not reach full recovery for very long time in contrast to the measured curve. Moreover, the resulting doping level x = 0.02 is double as large as the nominal one. Moreover, the parameters x and T 1,∞ vary a lot over temperature, which should not be the case. Setting x and T 1,∞ to reasonable values and holding them constant during the fitting procedure resulted in even worse fit quality.
The reason for the failed fitting could be that the original distribution of gaps is spread over the broad resonance lines, so that only excerpts of the original distribution are measured at different positions, as stated in the main article. This is supported by the differences between measured and fitted curves. In Fig. 4 one can see that the measured curve realizes a narrower distribution of T 1 than assumed by the model. This is manifested by the fact that the initial recovery of the measured curve is much slower than it should be for x = 0.01 (see simulated curve in Fig. 4 ) and that the very slow recovery at long times it not visible in the measured data. 65 Cu high field satellite. As the shape of the resonance lines changes drastically over temperature, we use the second moment as a measure of linewidth (see Fig. 7 for the linewidth of the 63 Cu main line). For temperatures T ≤ 25 K, the tails of the main line have an overlap with the tails of the neighboring satellite lines. In these cases, we integrated only between the two minima surrounding the mainline. This leads to incorrect values for temperatures T ≤ 25 K. In spite of these limitations, Fig. 7 shows that the increase of the linewidth towards low temperatures is smaller for 2 % Ni doping than for 1 % Ni doping. 
